The goal of this rsach is to predict an in vitro activity of polychorinated biphenyl (PCB) congeners and their m ixres and to describe the reationship between this activity and chemical structure. The test sysem usd multiple PCB concentration on each ci culture plae in a repeated measures design, which improved precision for compaing between concentmtion levels. A weighted regression that accounted for this experimental design feature was used in fitting a nonlinear dose-response aeponential model to the PCB concentraion-actiity data fiom an in vitr te system in which 3H-phorbol ester binding was u in cerebellar granulecells exposed to diferent PCB congeners to test for their effects on protein kinase C tnsocaton. he model allowed for the minimum level to be less than control, a common slope, and the estimation ofthe log ofthe concentration that produces an activity 50% above the control activity (E50) for 36 congeners This paper builds on the previous worl of Kodavanti et al. (6) by developing ar empirical model for predicting the in vitr activity of PCB congeners. This informa tion may be useful in developing a risl assessment strategy for nondioxinlike PCBs and their mixtures. The activity was measured in an in vitro test system in which different PCB congeners and PCB mixtures were tested for their effects on protein kinase C (PKC) translocation by measuring 3H-phorbol ester binding in cerebellar granule cells (6,7). The prediction of the activity of PCB mixtures is based upon knowledge of the chemical composition and the in vitro activity of the components of the mixture.
cal structure. This model was prefeed over models that might seem more mechanistically based because in inrnal alidaton, it attained a smaler PRESS statistc (the sum of squares between all observed and predicted observations) than other models. Evidenly, this second order model makes more efficient use ofparameters than other models considered. Plots of the predictions of the logistic second order response modd versus log K. confirm (PCBs) are industrial compounds detected in air, water, sediments, fish, wildlife, and humans (1,2. PCBs are prepared by the chlorination of biphenyls, and the result is a mixture of possibly as many as 209 congeners. Although the manufacture of PCBs has been banned in the United States, these compounds remain a serious environmental pollutant due to ongoing release from hazardous waste sites, the accidental breakdown of electric transformers, and the high resistance to degradation.
Risk assessment of PCBs currently involves usage of toxic equivalency factors (TEFs), which are predicted on the assumption that this class of chemicals elicits their toxic responses through a common receptormediated mechanism. Structure-activity relationship studies, for example, have found that PCB-induced body weight loss, thymic atrophy, immunotoxicity, endocrine anc reproductive toxicity, and carcinogenicit are associated with high affinity for the ary hydrocarbon (Ah) receptor (3) . Recent stud ies, however, have shown environmentall' relevant ortho-substituted PCB congener with weak or no Ah-receptor activity hav effects on brain dopamine concentrations i; vivo (4) and in vitro in PC12 cells (5) Kodavanti et al. (6) have also found tha ortho-substituted PCB congeners have sig nificant effects on calcium homeostasi mechanisms in vitro, while non-ortho PCBs having a more coplanar structural configu ration, are relatively inactive in vitro.
This paper builds on the previous worl of Kodavanti et al. (6) by developing ar empirical model for predicting the in vitr activity of PCB congeners. This informa tion may be useful in developing a risl assessment strategy for nondioxinlike PCBs and their mixtures. The activity was measured in an in vitro test system in which different PCB congeners and PCB mixtures were tested for their effects on protein kinase C (PKC) translocation by measuring 3H-phorbol ester binding in cerebellar granule cells (6, 7) . The prediction of the activity of PCB mixtures is based upon knowledge of the chemical composition and the in vitro activity of the components of the mixture.
We considered using the logistic dose-response model to determine the effective concentration that produces an activity 50% above the control activity (E50s) for 36 tested congeners and the 3 commercial mixtures. The logistic model involves the estimation of a minimum and a maximum activity.
However, estimates of the maximum were quite variable because not all congeners attained maximum activity. The exponential model is similar to the logistic model but has no maximum value so this model was used instead. Logs of the mean activity relative to control activity were fit to an exponential model using the data from 36 congeners and the 3 commercial mixtures; the model had a common slope parameter, a common minimum value, and a separate log E50 for each of the congeners and the commercial mixtures. There is a correlation between the observed activity values from the same congener due to variability between culture plates. The In choosing the model we were guided by the PRESS statistic and how well the ESOs of the mixtures were predicted. The data contain more information about the activity and chemical structure relationship than we have modeled. This state of affairs is due to our search for the most detailed model that could be validated with this sample size. Also, the PRESS statistic seems to favor models that use continuous independent variables rather than dummy variables such as would be used to describe a main effect model in the factors CLortho, Clpara, and Clmew' These efforts are preliminary in some ways. The use of physicochemical variables as independent variables may further explain these activity data. However, considering the prevalence of mixtures in the environment, our focus is on the prediction of the activity of mixtures. This work is a step in that direction, and it gives a framework for more detailed structural-activity research to build on.
Our avoidance of physicochemical variables at this stage of the research is based upon three reasons. First, the selection of congeners to test was based mainly on their presence in environmental mixtures; therefore, the sample of congeners is unlikely to be ideal for the determination of a mechanistically based model. Second, there is measurement error in these variables. Sabljic (10) has described the measurement error in log Kow and has concluded that the use of the noctanol/water partition should be avoided in environmental research. Approaches using physicochemical variables as independent variables in regression routines need to address this error. (12, 13) . PKC has been reported to play a key role in a number of physiological and toxicological phenomena (14, 15) . Cerebellar granule cells grown on 12-well culture plates were tested after 7 days in culture for [3H]-PDBu binding. Each replicate consisted of a control and usually six different concentrations placed in the wells of the cell culture plates. Generally, four replicates were used and, other than control, the concentrations of PCBs were 1, 3, 10, 30, 50, and 100 pM. Table 1 shows the details of the experimental designs.
Chemicals and terminology. Figure 1 shows the chemical structure of a PCB congener and explains how the congeners are denoted. The estimates for the variability due to plates, variability due to doses, and residual variability.
For the data from each congener (or mixture), a covariance matrix with plate variability at the off-diagonal elements and plate plus residual variability on the diagonal was formed. The weights for all the 36 congeners and the 3 commercial mixtures formed a block diagonal matrix. See Draper and Smith (18) for an explanation of why it is valid to use linear regression with such a weight matrix.
The dose-addition method ofpredicting the mixture E50. The E50 of a mixture satisfies the following equation when the joint action is dose addition:
E50k j=l E50i (2) where 1ik is the fraction of the jth congener in the kth mixture. The combination index (1.9) is the ratio of the actual E50 of the mixture to the E50 predicted in Equation 2 . Combination indices that are >1 indicate antagonism and those <1 indicate synergism.
The structure-activity modet Weighted nonlinear regression analysis was used to determine the relationship between the log of the E50 of the concentration-activity model and the chemical structure of the PCB congener. Also, the logs of the E50 for the three commercial mixtures were induded in this regression by assuming that these mixtures all had the same combination index. The weights used were the reciprocal of the square of the estimated standard errors of the log E50s. The model used to relate the log E50 of each congener to the structure was the second order logistic model:
) (3) + Y23 ( ClPara1 ) ( Cmeta-) (3 The logistic model becomes flat as the value of the expression within the square brackets of the equation becomes either positively or negatively large. This feature restricts the predicted values to lie in the range from m to M (minimum to maximum), thus improving the stability of the predictions.
The prediction of mixture E50s. Using the combination index and Equation 2, the log of the E50 of the mth mixture can be expressed as 209 -loE5 log E50 = log CI -log T nl10
where all logs are to the base 10 and CI is the combination index for the mth mixture. In fact, when one views each congener as a Volume 105, Number 10, October 1997 * Environmental Health Perspectives Articles * Svendsgaard et al. where Xi = I/(Qr + v), X is the unexplained variance between log E50s, ¾i is the estimated variance of the log E50 of the ith congener, and fittedi is the predicted value for the ith observation. The variance t was estimated by adding a constant to the reciprocal of the weights. This constant was increased until the error sum of squares was less than the 90th percentile of a chi-square with the residual degrees of freedom. This constant was used as the estimate of .
Results
Results offitting an exponential concentration-activity model to 36 congeners and 3 commercial mixtures. Figure 2 shows the mean activity versus concentration over the region from 1 to 100 pM for the 36 congeners and 3 commercial mixtures. Note that 22 of the congeners have mean activities exceeding 50% of control. About 6 of the congeners barely exceed 10% of control. A difficulty was encountered when fitting the exponential concentration-activity model (Equation 1) to the data. A very large log E50 estimate for congener 54 resulted, and its estimated standard error (SE) was also very large. Examining the plot of the activity versus concentration for congener 54 indicated that the activity decreased with concentration at concentrations of 30 pM and greater. Once the data from these dose levels were excluded, the nonlinear regression converged. Some large log E50 standard errors were also noted for several other congeners. Their concentration-activity relationships were also plotted, and decreasing activity at increasing concentration was also noted for those congeners. These data points were also excluded. Altogether, 9 of the 212 data points were excluded. These were congeners 54 and 77 and concentrations 30, 50, and 100 pM; congener 126 and concentrations 50 and 100 pM, and congener 169 and concentration 100 pM. With these points deleted, the nonlinear regression was stable and converged to the estimates of log E50 in Table 2 . It should be noted that congeners 77, 126, and 169 are coplanar congeners with Clpara = 2. There were 4 such congeners tested, and each was inactive.
The resultant slope estimate was 0.494 + 0.033 (mean ± SE), and the log of the minimum mO= -0.0168 ± 0.0079. The model for the ith congener is of the form log activity = -0.017 + sid°494, where the parameter Si can vary among the congeners and mixtures. On a log dose scale, the slope (0.494) is constant for all congeners and mixtures, and Si is an intercept term.
Results ofstructural activity modeling. Table 3 shows the results of modeling the structural-activity relationship. The Q2 of 0.641 indicates that the model described by Equation 3 and Equation 4 is valid. The I2 of 0.866 is also very good. Figure 3 shows the residuals of the model versus log K,. Figure 4 shows plots of the log E50 versus log Ko. Generally, we expect to see activity decrease and then increase as log No. increases. The plots show that the model generally reflects this shape. Also, congeners with Clpara = 2 are generally less active than other comparable congeners. The error sum of squares was 68.32. When weighted regression is used and the weights are the reciprocal of known variances, we expect under normal theory that this error sum of squares would have a chi-square distribution with 26 degrees of freedom. Since our weights are estimated rather than known, this sum of squares could be inflated slightly, but not to this amount. A simulation study indicated that using estimated weights based on t-distributions with 21 degrees of freedom would increase the 90th percentile about 10%. The 90th percentile of a chi-square with 26 degrees of freedom is 35.6. Factors that tend to increase this sum of squares are nonnormality, the presence of outliers, model lack of fit, and between-experiment variability.
The EBEs are calculated so there will be no significant lack of fit. Figure 5 shows the EBE plotted versus log K, for comparison to Figure 4 .
The ratio of the estimate to its standard error should follow a t-distribution with 26 degrees of freedom for the estimates in Table 3 . Because the ratio corresponding to the log of the combination index exceeds 2, indicates less predictability. To firther evalu- There are various ways this process could be improved. We want to evaluate both prediction methods using various types of PCB environmental mixtures before we decide which prediction method is best.
Comparison to other approaches for determining structure-activity relationships.
It is enlightening to compare this approach with structure-activity modeling using Hansch analysis as described by Martin (21 A drawback to the dose-addition method is that the components of the mixture need to be known, and this information can be difficult to obtain for some complex mixtures in the environment. However, if one knows the percent of chlorine in a PCB mixture, this and other knowledge could be used to calculate a probability interval for the E50 of an environmental PCB mixture that would be useful in determining risk. This calculation would be based on predicted E50s as we have provided and might require the assumption of a probability distribution for PCB congeners.
Congener selection. Tysklind et al. (23) discussed a procedure for selecting PCB congeners for use in quantitative structure-activity modeling. They restricted the congeners to the 154 tetra-through hepta-chlorinated congeners. Some restriction is necessary in view of the solubility problems encountered with most of the test systems. The congeners were described using 47 physicochemical variables, and principal component analysis reduced the number of variables to four orthogonal summary variables. The full 24 factorial design plus four center points required 20 congeners to be tested. These 20 congeners were divided into two groups. One group of 10 congeners was labeled the training set to be used for model development. The second group was labeled the validation set. The division occurred so that both sets of congeners typified the whole chemical domain of the four summary variables.
Given our goal of mixture prediction and the problems encountered with solubility, the approach considered by Tysklind et al. (23) does not seem appropriate. It is efficient to restrict testing to those congeners that are soluble, as their approach does. However, some sampling needs to be done to determine the limits of that region. These limits could well vary with the test system and other experimental factors, such as the use of metabolites if the parent congener is not soluble.
In addition, it seems that the choice of congeners depends on the balancing ofseveral objectives. For example, we can test those congeners found in high percentages in environmental mixture samples and reserve for prediction those congeners that are less prevalent in the environment. A design with characteristics similar to the Tysklind design could be used so that good estimates of the untested congeners can be obtained.
Do more congeners need to be tested? Martin (21) has suggested that a 3 to 1 ratio of chemicals to parameters be used for Hansch analysis. Our estimation of the logistic second order model required the estimation of 13 parameters using 39 observations (congeners and mixtures). Therefore, our ratio of chemicals to parameters meets the minimum requirements suggested by Martin (21) . In the area of general medical research, which is probably subject to more sources of prediction error than QSAR, Neter et al. (24) have suggested the use of a 6 to 1 ratio as a rule of thumb. Our more modest goal of prediction and description rather than variable selection may not require as large a ratio. Also, our use of the logistic model reduces the range of prediction. This reduction in range should limit the prediction error, which should translate into a less stringent requirement for precise estimates of the regression coefficients. The precision of these estimates is the reason for requiring a high ratio of chemicals to variables.
We think we have tested enough congeners. We have tried to externally validate various models based upon data from 17, 24, and 28 congeners. As the number of congeners fit to the model increased, the relative number of prediction errors decreased. The width of the confidence intervals as shown in Table 4 depend upon the fit of the model and how well the tested congeners span the space of the untested target congeners. Testing more congeners to better span the space of the target congeners is not likely to yield smaller confidence intervals due to insolubility limitations. Testing more congeners to justify the use of a more biologically based model such as a main effect model does not seem productive. Therefore, no further single congener testing using this test system is planned.
Further testing of mixtures is planned, however. We have tested a few other mixtures and expect to learn some new information about mixtures. When the model is fit to E50s arising mainly from mixture testing rather than from single congener testing, we initially expect a worsening of the fit of the model. This is due to information that the present model does not consider. For 
